Despite its status as a global biodiversity hotspot there is still much to be 29 discovered about the birds of Madagascar, including a full accounting of species-30 level diversity and the avifauna's origins. The Bernieridae is a Malagasy endemic 31 family that went unrecognized by science for decades and unnamed until 2010. This 32 cryptic family has long represented a missing piece of the puzzle of the avian tree of 33 life. We present the first comprehensive phylogeny of Bernieridae in order to 34 examine its diversification history on Madagascar and its place within Passeriformes. 35
Little is known about the ecology and behavior of the Bernieridae, commonly known as 105 tetrakas or Malagasy warblers. All species glean insects and are restricted to forests, with 106 eight of the currently 11 species found in the Eastern Humid Forest. All members of this 107 family were previously classified in different passerine families based on superficial 108 similarities, mainly size and coloration. Xanthomixis and Bernieria, previously placed in the 109 bulbuls (Pycnonotidae), are yellow and olive in color; the latter with disproportionately long 110 bills. Thamnornis, Randia, and Cryptosylvicola are small with muted coloration, similar to 111 Old World warblers (Sylviidae), in which they were previously placed. Crossleyia, Oxylabes, 112 and Hartertula (formerly Neomixis), were considered babblers (Timaliidae) due to their 113 plumage texture and somewhat plumper build. Another species, Mystacornis crossleyi, was 114 also traditionally thought to be a Malagasy representative of the babblers, but was recently 115
shown to be part of the endemic Vangidae radiation (Johansson et al. 2008a; Jønsson et al. 116 2012; Reddy et al. 2012 ). Confusion in taxonomy has undoubtedly limited our 117 understanding of the ecology and evolution of these and other species on Madagascar. 118 119 The tetrakas are part of the sylvioid radiation of the Passeriformes (Johansson et al. 120 2008), which has undergone several taxonomic rearrangements in the past two decades 121 Barker et al. 2004 In this study, we aim to produce the first comprehensive phylogeny of the Bernieridae 132 (tetrakas) to examine their diversification history on Madagascar, and their place within the 133 avian tree of life. A complete phylogenetic tree is key to helping us understand the dynamics 134 of diversification, as well as the biogeographic origins of endemic Malagasy lineages. To 135 examine the potential for cryptic species within this cryptic family, we sampled all species of 136
Bernieridae from across each of their geographic ranges. We employed integrative 137 taxonomic methods combining phylogenomics of ultraconserved elements (UCEs), genetic 138 clustering of thousands of single nucleotide polymorphisms (SNPs), and analysis of 139 morphometric variation to delineate discrete species. We then reconstructed a robust 140 phylogeny of the Bernieridae and their close relatives using next-generation sequencing of 141 UCEs, producing ~4500 loci to investigate their evolutionary history. 142 primer pairs ND3-L10751 and ND3-H11151 or ND3-L10755 and ND3-H11151, and CYTB with 192 primers CYTB-L14990 and CYTB-H15916. We used Geneious 9.0.5 for alignment and 193 sequences were deposited in GenBank (TBA -TBA). 194
Materials and Methods

Preparation of UCE alignments
195
We prepared alignments of UCE loci for phylogenetic analyses using the PHYLUCE 1.5 196 package (Faircloth 2015) . Firstly, the demultiplexed reads were trimmed of adapters and 197 low-quality bases using Illumiprocessor (Faircloth 2013 to the minimum number of taxa sequenced for a locus to be included in the matrix. The 203 specifics of each data matrix are given in the relevant sections below. During the 204 bioinformatics process we also extracted CYTB and ND3 sequences from the off-target 205 contigs using the Megablast function within Geneious 9.0.5, in order to complete our 206 mtDNA datasets. 207 208 SNP calling methods
209
We prepared datasets of single nucleotide polymorphisms (SNPs) for several species to 210 aid our assessment of cryptic species (see next section). We called SNPs following the 211 protocol of the seqcap_pop pipeline (Harvey et al. 2016) , with some modifications. In brief, 212 we used Trinity 2.0.4 to assemble the clean reads across all specimens in a dataset into 213 contigs de novo. We extracted contigs matching UCE probes using PHYLUCE and designated 214 these as a reference for SNP calling. The reads for each individual were then mapped to the For each species, we asked whether geographically distinct lineages with >90% 249 bootstrap support were evident in the UCE phylogeny ( Fig. S1 ). If so, we then assessed 250 whether those lineages were also supported as distinct with minimal admixture in genetic 251 clustering analyses using SNP data. Distinct phylogenetic lineages were evident for Bernieria 252 madagascariensis (n = 20), Oxylabes madagascariensis (n = 10), and Xanthomixis zosterops 253 (n = 20) (see SI for detailed results), therefore for these three taxa we prepared datasets of 254 single nucleotide polymorphisms (SNPs) as described above and conducted genetic 255 clustering analyses. Based on these combined methods, we found clear genetic evidence of 256 species-level divergences in only one Bernieridae species, B. madagascariensis. For B. 257 madagascariensis we initially examined 20 individuals and recovered three distinct 258 phylogenetic lineages with 100% bootstrap support ( Fig. S2) , the same groupings based on 259 genetic clustering analyses (Structure; Pritchard et al. 2000) , and no evidence of admixture 260 except for one potentially hybrid individual ( Fig. S3 ). To further examine the possibility that 261 these three lineages represent distinct species, we increased our sample to 39 individuals to 262 allow better delimitation of geographic boundaries of these clades (see below). 263
Species delimitation of Bernieria
264
We used a dataset of 39 individuals collected from across the range of Bernieria (Fig.  265 1a) to test the hypothesis that cryptic species are present within the genus. We synthesized 266 data from UCE loci, mitochondrial DNA, and morphometrics in an integrative systematics 267 approach to assess species limits. 268 269
Phylogenetics 270
We prepared a 75% complete UCE matrix of 39 Bernieria individuals plus one outgroup 271 (4140 UCE loci with a total length of 3,822,981 base pairs) and inferred a ML phylogeny 272 using RAxML as described above for the 130 taxa dataset. 273
274
Genetic clustering analyses and summary statistics 275
We called SNPs for the 39 Bernieria individuals (3768 SNPs, 79X mean coverage) and Jombart and Ahmed 2011). First, we used successive K-means clustering to estimate the 281 most likely number of clusters in the dataset, and the assignment of individuals to those 282 clusters. The DAPC method then creates discriminant functions to maximize the variance 283 among, whilst minimizing the variance within, those genetic clusters. Cross-validation with 284 1,000 replicates was used to determine the optimal number of PCs to retain, testing 285 between 1 and 13 (i.e. up to a third of n = 39). Finally, we plotted the posterior membership 286 probability of all Bernieria individuals to the genetic clusters. 287
Structure (Pritchard et al. 2000) uses a Bayesian clustering method with a Markov 288
Chain Monte Carlo (MCMC) sampling procedure to estimate membership coefficients for 289 each individual to each of a given number of clusters (K). We performed Structure analyses 290 for the Bernieria SNP dataset using the admixture model with correlated allele frequencies 291 and without sampling location priors. We carried out an initial run of 100,000 generations, 292 discarding the first 50,000 as burn-in, with K = 1 and lambda allowed to vary in order to 293 estimate a value for lambda (the allele frequencies prior). We then set the value of lambda 294 to the estimated value for subsequent runs. For the main analyses, we varied the number of 295 clusters from K = 1 to K = 6, and ran each analysis for 700,000 generations with the first 296 200,000 discarded burn-in. The analysis for each value of K was repeated ten times. We 297 used Structure Harvester Web 0.6.94 (Earl 2012) to assess convergence across replicates, to 298 determine the most optimal value(s) of K for the dataset based on the log likelihood of each 299 value of K and the Evanno method (Evanno et al. 2005) , and to prepare input files for 300 CLUMPP 1.1.2 (Jakobsson and Rosenberg 2007). We used CLUMPP to average membership 301 coefficients across the replicates. Finally, Distruct 1.1 (Rosenberg 2004 ) was used to 302 visualize the results for K = 2, K = 3, and K = 4. We chose to visualize three values of K in 303 order to gain insight into potential levels of genetic structure within Bernieria. 304
We performed PCA for Bernieria using the SNP dataset. We used the scaleGen function 305 in adegenet to scale and centre allele frequencies, and then performed PCA using the 306 dudi.pca function from the ade4 v1.7-11 package. We plotted the first two PCs only, as 307 these clearly differentiated the three genetic groups. 308
We used Genodive 2.0b27 (Meirmans & Van Tienderen, 2004) to calculate the Weir 309
and Cockerham unbiased weighted FST estimator (Weir & Cockerham, 1984) between each 310 pair of clades, with significance calculated using 10,000 permutations of the data. This 311 measure has been shown to be robust to small sample sizes, even when FST is low (Willing, 312
Dreyer, & van Oosterhout, 2012). 313 314
Divergence time estimation 315
We estimated divergence times among Bernieria lineages using time-calibrated 316 Bayesian phylogenetic analyses within BEAST 2.4.4 (Bouckaert et al. 2014). We used mtDNA 317 sequences (ND3 and CYTB) because estimates of divergence rates in birds are available for 318 these loci (Weir and Schluter 2008), whereas evolutionary rates for UCEs are unknown. The 319 mtDNA gene trees resolved the same three lineages as the UCE dataset, with 100% support 320 for each. We partitioned the data into ND3 and CYTB and specified the nucleotide 321 substitution models as HKY for both genes to reflect the optimal models as estimated with 322 PartitionFinder 2 (Lanfear et al., 2016) . We used the Yule tree prior with a strict molecular 323 clock. We calibrated the analysis using the divergence rate of CYTB for Passeriformes of 324 2.07% (± 0.20) per million years (Weir and Schluter 2008) as a reference rate (lognormal, 325 mean = 0.01035, SD = 0.05). We ran two independent analyses for 120 million generations 326 each, and then confirmed convergence of the posteriors using Tracer v1.6 (Rambaut and 327 Drummond 2007). We estimated a maximum clade credibility tree with mean node heights 328 from the posterior after removing the first 10% of samples as burn-in. 329 330 331 332
Morphological variation 333
To determine whether genetic lineages of Bernieria were morphologically 334 differentiated, one of us (NLB) measured 52 adult skin specimens (26 each of males and 335 females; Table S5 ) housed in the FMNH for six standard avian characters: bill length from 336 the crown to tip (BL), bill width at nares (BW), bill depth at nares (BD), tarsus length (TL), tail 337 length (Tail), and wing length (WL). These measurements followed descriptions in (Baldwin 338 et al. 1931 ). We used Mitutoyo Digital Calipers to measure bill and tarsus to an accuracy of 339 0.01 mm. For wing and tail lengths, we used a wing rule to an accuracy of 1 mm. We 340 repeated all measurements three times, checked for outliers (by confirming that all 341 measurements for an individual were within one standard deviation), and then averaged 342 values for subsequent analyses. The summary of these measurements is in Table S5 . 343
344
For multivariate analyses, we scaled and log-transformed the measurement data; as 345 two specimens were missing data, we removed these from the multivariate dataset. First, 346
we tested for sexual dimorphism by using ANOVAs to compare the measurements of males 347 and females of each genetically identified clade. Since most measurements showed 348 significant sexual dimorphism, we conducted all subsequent analyses separately for each 349 sex. Next, we performed a principal components analysis (PCA) to examine morphological 350 Xanthomixis zosterops have apparent genetic population structure in the eastern humid 448 forest. In the case of O. madagascariensis, there is some evidence for two genetic 449 populations in the north and south respectively, but our results suggest admixture between 450 these, and our clustering analyses gave almost equal support for either one or two genetic 451 clusters ( Fig. S8-11 ). Our results for Xanthomixis zosterops suggest the presence of three 452 genetic populations, but many individuals have evidence of mixed ancestry and our 453 clustering and phylogenetic analyses did not assign individuals to the same lineages ( Fig.  454 S16-18), therefore these divergences are most likely population rather than species level 455 differences. We suggest that both of these species should be further investigated with 456 geographically comprehensive sampling in the future to delimit the boundaries of 457 populations. Interestingly, other taxa with similar distributions throughout the eastern 458 humid forests showed no evidence of genetically distinct lineages in our analyses (e.g. 459
Hartertula flavoviridis, Xanthomixis cinereiceps). A thorough description of the population 460 genetic and species delimitation analyses for all tetraka taxa other than Bernieria are 461 presented in the Supplemental Information (Fig. S1-18) . 462 463 Our ML phylogeny of Bernieria resolved three clades with 100% bootstrap support 464 each (Fig. 1b) . These clades were correlated with geography; one was found in the 465 northeast (NE), one in the southeast (SE), and the other was widespread in western 466
Madagascar and the central portions of the eastern forest (WS; Fig. 1a ). Our BEAST analysis 467 of mtDNA sequences had posterior supports of 1.0 for each of the same three clades, 468 however, one individual (FMNH 427373 collected just south of Ranomafana National Park 469 and the voucher specimen saved as a skeleton) was in the SE mitochondrial clade, but the 470 WS UCE clade, indicating that it is likely a hybrid. The relationships among the three 471 mitochondrial clades differed from the UCE phylogeny; the NE and SE mitochondrial 472 We used the dataset of 3768 unlinked SNPs (mean coverage 79X) to perform genetic 494 clustering analyses of Bernieria. Successive K-means clustering clearly indicated K = 3 as the 495 optimal number of clusters based on the Bayesian Inference Criterion (Fig. S19 ), and DAPC 496 was able to differentiate among these with 100% support (root mean squared error = 0) 497 ( Fig. 1c ). All individuals were assigned to their respective clusters with a posterior 498 membership probability of 1.0, indicating no evidence of admixture (Fig. 1d ). In our 499 Structure analysis, the maximum posterior log probability of the data was achieved at K = 3 500 ( Fig. S20 ), but the rate of change in log probability (deltaK, Evanno method) was greatest at 501 K = 2. We therefore plotted membership probabilities for K = 2 -4 ( Fig. S21 ). Assignments of 502 individuals to these clusters were consistent with the results of our phylogenetic analyses. 503
In the three-cluster scenario, all individuals in the NE and SE clades were assigned with 504 100% support. In the WS clade, FMNH 427373 appears to be a hybrid of 0.73 WS and 0.27 505 SE ancestry, consistent with its divergent placement in the mitochondrial and nuclear 506 phylogenies. In the two-cluster scenario, the WS cluster appears most distinct, with NE and 507 SE individuals generally clustering together (Fig. S21 ). No additional genetic structure was 508 revealed by K = 4 ( Fig. S21) . For our PCA, the first two PCs explained 13.14% and 9.65% of 509 the variation in the data, respectively. The three genetic lineages were well separated on a 510 plot of PC1 vs. PC2, with no overlap, and the mixed ancestry of the hybrid individual is 511 apparent (Fig. S22 ). Our estimates of FST between pairs of clades ranged from 0.422 to 0.454 512 (p-values < 0.0001), suggesting strong, statistically significant genetic differentiation among 513 the three clades (Table S3 -4). 514
515
The three genetically distinct clades are differentiated by subtle differences in 516 morphological variation. The PCAs of each sex resulted in six principal components with the 517 first four encompassing more than 90% of the variance in males ( Fig. S23 ) and 95% in 518 females (Fig. S24 ). Although the plots of PC variance showed some overlap of the three 519 genetic lineages in 2-D morphospace, the MANOVA indicated there is statistically significant 520 morphological differences among them in multidimensional space ( Fig. S23-24 ). Pairwise 521 ANOVA (t-tests) for the six morphological characters also showed significant differences 522 between all pairs of genetic groups (Table S6 ). The SE and WS genetic groups were the most 523 morphologically divergent from each other, with significant differences in tarsus length, tail 524 length, and bill width of females and wing and bill width of males. In comparison to those 525 from the SE group, the WS birds were smaller, but with longer tails. Between the NE and SE 526 genetic groups, there were two statistically significant differences -tarsus length of females 527 and wing length of males. There was only one significant difference between NE and WS, in 528 the tail length of males. 529 530 Geographically, based on our current sampling, the NE Bernieria clade is allopatric, and 531 separated from the WS clade by the northern Tsaratanana Massif (Fig. 1a) . The WS and SE 532 clades are geographically separated by just seven kilometers in the eastern humid forest, at 533 the Ambositra-Vondrozo Forest Corridor Reserve and Parc National Andringitra, 534 respectively. However, the clades have minimal overlap in elevational distribution in this 535 region. Based on current data, the SE clade is found between 50 and 1055 m (mean = 527 536 m), and the WS clade in the eastern forest is found between 980 and 1710 m (mean = 1300 537 m), suggesting a narrow elevational contact zone of < 100 m. Interestingly, the WS clade is 538 found at elevations from 18 to 1517 m in the western part of its range, suggesting that its 539 restriction to montane habitats in the eastern humid forest may be a result of competition 540 with the SE clade, rather than adaptation to montane forest or physiological limitations. 541 542 Overall, our analyses provide strong evidence for three genetically divergent and 543 phenotypically distinct lineages of Bernieria that originated during the Pliocene. There is one 544 apparent case of hybridization between two of these lineages, but no other admixture. 
Family-level evolutionary relationships
565
Our phylogenetic analyses converged on a strongly supported topology for 566
Bernieridae, Locustellidae, Donacobiidae, and Acrocephalidae (Fig. 2) . In our ML analyses, 567 every bipartition had 100% bootstrap support and the topology was entirely consistent 568 across the 75% and 90% complete data matrices, and partitioned and unpartitioned 569 analyses ( Fig. S25-26 ). The ASTRAL species tree resolved the same topology and had a 570 normalized quartet score of 0.93 (Fig. S27) . Almost every quadripartition had support of 1.0, 571 except for two of the shallow nodes within Locustella. 572 573 All our analyses show that the Bernieridae are a monophyletic radiation endemic to 574 Madagascar (Fig. 2,4) . This includes the ten species in the original designation of the family 575 (Cibois et al. 2010), as well as Randia pseudozosterops, the elevation of the form Bernieria. 576 m. inceleber to a full species, and the new Bernieria sp., for a total of 13 species in the 577 family. Xanthomixis is paraphyletic with respect to Crossleyia in all our analyses. Given the 578 depth of the divergence of X. zosterops, X. cinereiceps, and X. apperti from X. tenebrosa and 579 C. xanthophrys; X. tenebrosa is better regarded as a member of the Crossleyia genus. 580 581 Among the four families we found Acrocephalidae to be the most divergent. 582
Donacobiidae was resolved as the sister family to Bernieridae with 100% support, yet the 583 corresponding branch is notably short, suggesting that the divergences of Locustellidae, 584
Bernieridae, and Donacobiidae from their common ancestor may have been rapid. This 585 relationship was the same when only a single taxon per family was used; Oxylabes and 586 Donacobius were monophyletic with 100% bootstrap support in our ML analyses of the 587 four-taxon dataset. Bernieridae is a monophyletic radiation endemic to Madagascar and that Randia is a 640 member of this radiation. Our phylogeny is also the first to include all Xanthomixis and 641
Crossleyia taxa in a single analysis, and therefore show that X. tenebrosa is best placed 642 within the genus Crossleyia. Bernieridae are all insectivores, they are nevertheless ecologically and morphologically 648 diverse (Fig. 4) . Morphologically, the species display diversity in their body size, bill shape, 649 tarsus length, and wing and tail proportions (Schulenberg 2003) . Their habitat preferences 650 range from humid forest to sub-arid spiny bush. Within a given forest formation, up to 651 seven sympatrically occurring species show stratification -occupying different portions of 652 the understory to canopy, as well as along elevational gradients (Goodman and Putnam 653 1996; Schulenberg 2003) , and up to six species have been observed in the same mixed-654 species foraging flocks (Schulenberg 2003) . These patterns are suggestive of partitioning of 655 ecological niche space consistent with adaptive radiation, making the Bernieridae the 656 second largest avian adaptive radiation (after the Vangidae) on the island of Madagascar. 657
The island's complex landscape heterogeneity coupled with its geographic isolation since 658 before the origin of birds (Storey et al. 1995 Ours is the most complete study of these relationships to date, both taxonomically and 688 genetically, and all of our ML and multispecies coalescent based analyses found 689 Donacobiidae and Bernieridae to be sister families with 100% support. The conflict between 690 our result and that of the previous UCE study is of interest, because both studies targeted 691 the same 5060 UCEs. A key difference is taxon sampling; Moyle et al. (2016) included only a 692 single representative per family, whereas we included many taxa per family. We therefore 693 selected a single representative per family from our dataset, using the taxa most closely 694 related to those in Moyle et al., but still recovered Donacobiidae and Bernieridae as sister 695 taxa with 100% support in our analysis of both 75% and 100% complete data matrices, 696 suggesting the incongruence may instead be related to missing data in their 75% complete 697 matrix. Overall, the relationships among Bernieridae, Donacobiidae, and Locustellidae are 698 stable across all of our analyses, and are consistent with a majority of the previous studies. 699
It seems likely that the divergences among these three families were rapid given the 700 previous phylogenetic conflict, and as evidenced by the gene tree discordance detected in 701 our multispecies coalescent analysis (Fig. S27) . species within the previously monotypic genus, Bernieria. We found strong support for 718 three deeply divergent genetic lineages, dating to the Pliocene, that are also phenotypically 719 distinct and therefore merit recognition as separate species. Two of these species, B. 720 We are grateful to Kayleigh Kueffner for beautifully illustrating the Bernieridae. We also 803 thank Sarah Kurtis for her work in the molecular laboratory. We gratefully acknowledge the 804 The ebird/clements checklist of birds of the world: V2018. 860
